Abstract-Differential thermal analysis is performed for native human serum albumin, denatured human serum albumin, and their mixtures with water in the range 80-550 K. The temperatures of phase transitions of the protein are determined, and the effect of water on these transitions is ascertained. The limit of water solubility in the native protein is estimated from the calorimetry data on the enthalpy of melting of the excess water phase. The phase diagram of the albumin-water system is plotted and analyzed in wide temperature and concentration ranges.
INTRODUCTION
Studying how the thermodynamic characteristics of proteins depend on temperature provides valuable information about the various types of physicochemi cal transformations of proteins [1] [2] [3] [4] [5] [6] . Therefore, in [7] , we studied heat capacity in the range 80-320 K, calculated thermodynamic characteristics (entropy, enthalpy, and Gibbs function) at Т = 0-320 K, and determined phase transition temperatures for human serum albumin (HSA) in the native state and the dena tured state in the above mentioned range. However, in the human body, biochemical processes with the par ticipation of proteins occur in aqueous solutions. Therefore, gaining insight into the effect of water on the physical transitions of HSA in a wide concentra tion range of components, as well as determining the water solubility limit in HSA, is important for funda mental science and practical applications.
EXPERIMENTAL
Native HSA was obtained at the Nizhni Novgorod Research Institute of Epidemiology and Microbiology from placental blood serum according to the method that was approved by the Pharmacopeia Committee of Russia. This method includes modification of the known method of fractionation of blood serum with ethanol at negative temperatures [8] . The isolated HSA was thoroughly purified and lyophilized. The purity of the white powderlike HSA with М = (60-65) × 10 3 was investigated electrophoretically and immunophoretically. Air dried HSA used for studies contained 2.5 wt % residual water, 0.3 wt % sodium caprylate, and 4.5 wt % NaCl. HSA samples that contained up to 23 wt % water were prepared via keeping of the initial protein in water vapor at room temperature, while the samples with a larger content of water were prepared through mixing of water and HSA and thermostating at room temperature until visually homogeneous mixtures were obtained. In all cases, the presence of 2.5 wt % water in the initial native HSA was taken into account. The mixtures were kept in a sealed thick walled vessel at 298 K and a pres sure of 3 MPa for 10 h to attain better distribution of liquid components in the protein.
Physical transitions in HSA and its binary mixtures with water in the range 80-550 K were examined via DTA [9, 10] on a setup whose construction and oper ation were described in [11, 12] . Measurements were performed in helium with the use of ~0.5 g test and reference (quartz) samples. Native air dried HSA was loaded in an open aluminum crucible, and HSAwater mixtures were placed in sealed glass crucibles. The reference samples were placed in the same cruci bles. The heating rate was 5 K/min. The deviation from linearity did not exceed 1%. The temperature of the samples and the difference between the tempera tures of the test and reference samples were measured with chromel-copel thermocouples. The measuring thermocouple was calibrated relative to a standard platinum resistance thermometer and reference sub stances over the whole temperature range. The error of temperature measurements was ±0.5 K. The DTA setup was verified through measurements of melting temperature Т m of reference n heptane and the glass transition temperature of purified glycerol. The results coincided with the corresponding published data for n heptane with an error of 0.2 K [13] and for glycerol with an error of 1 K [14] . According to the ICTAC rec ommendation [15, 16] , the average temperature of the interval was taken as the temperature of relaxation transitions (Т g and Т β ) of proteins and their aqueous POLYMER SCIENCE Series A Vol. 53
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The solubility of water in the native HSA, ω, at its Т m was determined via calorimetry [12, 17, 18] from the enthalpy of melting of the "free" water phase in the HSA-water mixture containing 52.2 wt % liquid component. For this purpose, heat capacity of this sample was measured in the range 80-320 K.
The heat capacity was studied in a vacuum adia batic calorimeter designed at the Verkin Institute for Low Temperature Physics and Engineering, National Academy of Sciences of Ukraine [19, 20] . The energy equivalent of the calorimeter was determined from the heat capacity of a calorimetric ampoule filled with helium to a pressure of 8.5 kPa. In order to check the absence of error, the heat capacity of benzoic acid of the K 1 brand (Mendeleev All Russia Research Insti tute for Metrology, St. Petersburg) was measured and compared with the data from [21] . The difference between the results and the data from [21] was 0.3% at Т = 80-320 K. Since the increase in temperature was 1.5-2.0 K, no correction for nonlinearity of the func tion = f(T) was introduced into heat capacity cal culations. The deviations of experimental data from the averaging curves did not exceed 0.3%.
The glass transition temperature was determined from the /Т = f(T) dependence with an error of ±1 K. The average temperature in the range of its min imum increase that was measured during continuous heating of sample in the melting region of the liquid component phase (from heating curves) was taken as the Т m of the crystallized fraction of the liquid compo nent in the HSA-H 2 О (52.2 wt %) mixture containing excess water at an amount above its level of solubility in HSA. The variation of the results was 0.1 K. where q (J) is the amount of energy in the form of heat required for melting the crystals of the "free" water phase, Δh (333.79 J/g [22] ) is the specific enthalpy of melting of Н 2 О, m (3.1459 g) is the mass of the sample, and С 2 (52.2 wt %) is the weight fraction of water in the sample. The error of determining the solubility with the aid of this method is 0.5-1% (with a confidence interval of 95%).
RESULTS AND DISCUSSION
The experimental data are shown in Figs. 1-4 and Tables 1-3. As follows from Fig. 1 , during heating of native air dried HSA, two relaxation transitions are observed (Т g1 and Т g2 ), that is, a sharp deviation of the baseline to the endothermic region.
The temperature range for Т g1 = 311 K and Т g2 = 335 K were 305-315 K and 325-345 K, respectively. These transitions were reversible because they were reproduced until HSA was not heated to 360 K. At 360 K, a considerable endothermic effect related to vaporization of sorption water (the critical tempera ture T vap (H 2 O) = 413 K) was observed. In this case, HSA lost 2.5 wt % H 2 O. In addition to vaporization of water, a partial denaturation of native HSA, that is, destruction of its globular spatial structure, probably occurred in the range 360-450 K. On the thermogram of denatured and anhydrous HSA (Fig. 2) , one transi tion (Т g1, 2 ) was seen in the range 310-320 K instead of two relaxation transitions in the range 305-345 K. Another relatively long transition (denaturation), T g1 '
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